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ABSTRACT 
/ 3 / 6 2  
Molecular beams formed by e f f u s i o n  through an  o r i f i c e  whose s i z e  
is  of t he  same order  as t h e  mean f r e e  pa th  i n  the  source chamber a r e  non- 
i d e a l  i n  the  sense that the  e f f e c t s  of in te rmolecular  c o l l i s i o n s  i n  the  
beam are n o t  n e g l i g i b l e ,  
The p r o p e r t i e s  of such beams have been inves t iga t ed  by measuring, 
over  a wide range of source cond i t ions ,  t he  normal momentum t r a n s f e r r e d  
from the  beam t o  a d i f f u s e l y  r e f l e c t i n g  test su r face  mounted on a s e n s i t i v e  
t o r s i o n  balance The per turba t ion  of the  measured fo rce  on the  t e s t  su r f ace  
from i t s  i d e a l  f r e e  molecule value is i n t e r p r e t e d  i n  terms of the mass and . 
momentum f l u x  pe r tu rba t ions  i n  the beam and compared wi th  the  p r e d i c t i o n s  
of r ecen t  t h e o r i e s .  A s u b s t a n t i a l  discrepancy is  noted between the  c a l -  
c u l a t e d  and measured pe r tu rba t ions .  
These experiments have demonstrated the  f e a s i b i l i t y  of making 
i 
i 
TABLE OF CONTENTS 
AB STRAC 11 
LIST OF FIGURES 
1 0 WTRODUCT ION 
2.0 SUMMARY OF PREVIOUS WORK 
2 _I 1 Apparatus 
2 2 Procedure 
2,3 R e s u l t s  
3 .0  PRESENT INVESTIGATION EXPERIMENTAL 
3.1 Modif ica t ions  to  Previous Apparatus 
3 2 C a l i b r a t i o n  of t h e  Torsion Balance 
3 3 Design of the  Momentum Trap 
3 4 The Defining S l i t  
3-5 The Source Aperture  
3 , 6  The Cathetometer 
307 The McLeod Gauge 
3 , 8  Alignment of t h e  Molecular Beam 
3 9 Experimental  Procedure 
THEORETICAL CONS IDERAT LONS 4 + 0 
5 0 EXPERIMENTAL RESULTS 
5.1 The Momentum Trap 
5 2 The Platinum Surface  
5 e 3  Axial Beam Measurements on Plat inum 
5.4 
5 5 Measuremencs a t  Oblique 'Incidence 
5 6 Ihe E f f e c t  of a Non-Ideal Beam on Previous  Resu l t s  
Comparison Between Theory and Experiment 
6 ,O DISCUSS ION AND CO%CLUS IONS 
REFERENCES 
FIGURES 
APPENDIX 
i 
iii 
1 
3 
3 
3 
5 
7 
7 
8 
9 
10 
10 
11 
11 
11 
13 
14 
1 7  
17 
18 
1.8 
19 
22 
25 
26 
29 
30 
42 
ii 
LIST OF FIGURES 
1. 
2. Const ruc t ion  of Torsion Balance 
3. Cons t ruc t ion  of Momentum Trap 
4 ,  Momentum Trap Balance 
5 Alignment Configurat ions 
6 -  Experimental Resul t s  f o r  Momentum T r a p  
7, Experimental Resul t s  f o r  Momentum T r a p  and Platinum Surface 
8a & 8b 
9 +  
Schematic Diagram of Molecular Beam Apparatus 
Momentum Transfer  t o  Platinum Surface Using Axial  Beam 
Momentum Transfer  t o  P l a t i n u m  Surface a t  Two Dif fe ren t  Pumping Speeds 
10. Experimental Arrangement f o r  Oblique Incidence Measurements 
11. Momentum Transfer  to  a Platinum Surface a t  Oblique Xncidence. 
Argon Data 
iii 
\ 
1 0 INTRODUCTION 
A previous r e p o r t  from t h i s  laboratory '  has descr ibed  the  development and 
use of a molecular beam and tors ion  balance appara tus  t o  s tudy normal momlentum 
t r a n s f e r  i n  p a r t i c l e - s u r f a c e  i n t e r a c t i o n s  
was t o  measure the  f o r c e  exer ted  on a t e s t  su r f ace  by a n  inc iden t  beam of gas  
molecules as a func t ion  of the  sur face  temperature,  and hence t o  o b t a i n  
information concerning the  manner i n  which the  gas molecules were re -emi t ted  
from the  s u r f a c e -  
r e s u l t s  were ob ta ined ,  It was shown t h a t  the  measured va lues  of momentum 
t r a n s f e r  t o  a heated su r face  could be explained on the  b a s i s  of a model 
i n  which the  r e f l e c t i o n  of molecules a t  t he  test su r face  was assumed t o  be 
p e r f e c t l y  d i f f u s e ,  a l though the  energy accommodation w a s  no t  a lways complete 
The accommodation c o e f f i c i e n t s  measured v a r i e d  between about  0 . 5  f o r  l i g h t  
gases  such a s  helium, and c l o s e  to un i ty  f o r  argon and carbon d ioxide ,  and 
were r e l a t i v e l y  i n s e n s i t i v e  to  the material of t he  t e s t  su r f ace ,  and the  
s u r f a c e  temperature 
The main o b j e c t i v e  of t h i s  work 
The work was la rge ly  success fu l  and many i n t e r e s t i n g  
There were, however, a few minor d e f i c i e n c i e s  i n  the  work which re- 
mained unresolved Perhaps the  most important of these  was the  f a c t  t h a t  
no abso lu te  measurements of momentum t r a n s f e r  were made; t h e  conclus ions  
above were a l l  based on r e l a t i v e  measurements between a heated and a n  
unheated surface. ,  A c r u c i a l  assumpcion i n  the  i n t e r p r e t a t i o n  of t he  r e s u l t s  
w a s  t h a t  i n  the  case  of t he  unheated su r face  (whose temperature was the re -  
f o r e  equal  t o  the  gas  source temperature) t he  normal momentum c a r r i e d  away 
from the  su r face  by the  re-emitted molecules w a s  equal  to cwo t h i r d s  of 
t he  inc iden t  momentum. This would be t r u e  i n  the  ease of a d i f f u s e l y  
r e f l e c t i n g  su r face  and an  i d e a l  Maxwelliian inc iden t  beam However9 the  
source  pressures  a t  which most of t he  experiments were performed were much 
too h igh  f o r  molecular c o l l i s i o n s  i n  the  source chamber t o  be neglec ted ,  
2 .  
so that  i n  a l l  p robab i l i t y  the  incident  beam w a s  markedly non-Mawel i i an ,  
Furthermore,  no d i r e c t  experimental evidence w a s  obtained t o  confirm malecular 
r e f l e c t i o n  a t  the unheated t e s t  surface was in fact d i f f u s e  falthsugh the 
r e s u l t s  of o the r  workers suggest t h a t  t h i s  is t ~ u e  fox rnosii pslycryscal- A ine  
matqtials) ., 2 
The Work descr ibed is t h i s  report w a s  aimed a t  modifying the  apparauua 
i n  sach  a way as t o  make f e a s i b l e  abso lu t e  measuaemenes of ;asomen?um fliaix i n  
the ineidepr beam and 0f momentum t r a n s f e r  t o  a t e s t  su r f ace ,  -hereby removing 
the  main shortcoming of the e a r l i e r  work, It w a s  ~ I S Q  hoped 'that in the  c o u ~ s e  
of '~lew expsrime~rs l i g h t  WQlJld be shed on the  ques t ion  of d i f f u s e  r e f l ecv ion  
et tne  r e s t  su r f ace  under the  present ewperimensal condfrrons so that the 
va l id i tv  of S t i c k n e f s  assumptions wight be c l a r i f i e d ,  It was hoped K O  
examine t h i s  mat te r  bv two procedures: 
P o  By making measurements of momentum t r a n s f e r  at s u f f i c i e n t l y  QOW 
source p re s su res  t o  a l low the  p rope r t i e s  o f  t he  inqidernt beam K Q  be calcu 
late? on t h e  b a s i s  of elementary k i n e t i c  theory ( f r e e  molecuke I s m i t l p  
2 by comparing the  womentuna t r a n s f e r  t o  a test  su r face  over a wide 
range of source pres su res ,  with khat t o  d "momentum trap" s p e c i f i c a l l y  
designed to  g ive  completely d i f f u s e  r e f  lecrtion, 
Moreover, s i n c e  the  problem of o r i f i c e  flow is an important aero 
dynamic problem i n  its o m  r i g h t ,  i t  was hoped t o  use the  torsion balance 
t o  i n v e s t i g a t e  the  m n m r  i n  which the  p r o p e r t i e s  of t he  molecular beam 
were dependent on the  magnitude af the  source p re s su re ,  This would a l so  
have the  p r a c t i c a l  value of allowing the e f f e c t  of rhe non-ideal beam 1~1 
the e a r l i e r  work. t~ be est imated,  
3 -  
2 I 0 SUMMARY OF PREVIOUS WORK 
--I_--- ---I--- 
2 . 1  Apparatus - 
The molecular beam and to r s ion  balance appara tus  i s  descr ibed i n  
d e t a i l  i n  Ref 1 ,  and only a very b r i e f  d e s c r i p t i o n  of the  main f e a t u r e s  of 
t he  appara tus  w i l l  be given here  Figure 1 shows a schematic diagram of the  
appara tus  and is l a rge ly  se l f - exp lana to ry .  The design d i f f e r s  from that of 
a conventiona molecular beam system i n  only two ways. 
1 The def in ing  and t e s t  reg ions  share  the  same pumps. This  w a s  
made poss ib l e  by the  use of a high speed 6-inch d i f f u s i o n  pump backed by a 
5 HP Kinney mechanical pump, and by the  na tu re  of t he  problem 
2 I n  the  work described i n  Ref, 1 the  beam w a s  nor w e l l  co l l imated ,  
bu t  w a s  allowed t o  cover one-half of t he  t e s t  su r f ace  The advantage of t h i s  
system is t h a t  i t  g ives  the  maximum poss ib l e  r a t e  of momentum t r a n s f e r  t o  the  
s u r f a c e ,  However, a s  w i l l  be shown l a t e r ,  i t  a l s o  s u f f e r s  from disadvantages 
. which l ed  t o  i t s  being abandoned i n  the  present  work 
Figure  2 shows a diagram of a t o r s i o n  balance This  cons i s t ed  of 
a 2 cm x 1 cm shee t  of metal f o i l  (u sua l ly  about 0 001 inch th i ck ,  which was 
mounted symmetrically on a 0 006 inch diameter qua r t z  rod which a l s o  c a r r i e d  
a small galvanometer mir ror  whose plane coincided wi th  that of the  su r face  
This  was used i n  conjunct ion w i % h  a lamp and s c a l e  t o  sense the  angular  
p o s i t i o n  of t h e  t e s t  sur face  The balance was suspended from a t o r s i o n  
head by means of a 0 0002 inch diameter tungsten t o r s i o n  f i b e r  The whole 
balance w a s  grounded t o  prevent  the  bui ld-up of e l e c t r o s t a t i c  charge which 
would cause e r r a t  IC behavior 
The temperature of the t e s t  su r f ace  could be va r i ed  up t o  about 
600’C by means of r a d i a t i o n  heat ing from a 500 w a t t  p ro j ec to r  
2 a 2 Procedure ----- 
Suppose the t0ta.Y momentum f i u x  incident  upon t he  heated t e s t  
4 .  
The t o t a l  fo rce  a c t i n g  on the  sur face  is  
su r face  is pi -t pr ,  and t h i s  w i l l  be propor t iona l  t o  the angular  d e f l e c -  
t i o n ,  8, of the to r s ion  head which i s  requi red  t o  br ing  the  t e s t  su r f ace  
back t o  i t s  zero pos i t i on .  Hence 
P r  and t h a t  c a r r i e d  away is  pi 
I n  the  s p e c i a l  case where the  surface is unheated, denoted by the  s u b s c r i p t  o 
I f  we assume that i n  the lat ter case a l l  molecules a r e  r e f l e c t e d  d i f f u s e l y  a t  
2 - -  
P r  - 3 "io the  surFace it fol lows that for an i d e a l  Maxwellian inc iden t  beam 
0 
i r r e s p e c t i v e  of the  degree of energy accommodation, s ince  the  source and t e s t  
su r f ace  temperatures a r e  equal .  From ( 2 . 2 )  we the re fo re  ob ta in  
Dividing Eq. ( 2 . 1 )  by Eq. ( 2 . 3 )  
( 2 . 4 )  
Now s ince  the  beam is  assumed t o  be i d e a l  t he  inc iden t  momentum f l u x  p 
w i l l  be propor t iona l  t o  the  source pressure  P (see Eq. 4.1) so that Eq. 
( 2 . 4 )  becomes a f t e r  rearrangement 
i 
t o  pi may be deduced e i t h e r  from measurements of 
keeping the  source pressure  cons tan t  o r  measurements of 
P r  Hence the  r a t i o  of 
t he  d e f l e c t i o n  8 
5 .  
source pressure P keeping the d e f l e c t i o n  cons t an t .  Each method has its 
advantages and shortcomings which a r e  discussed i n  Paragraph 3 . l ( c ) .  Both 
methods were used i n  the  previous work and gave good agreement. 
2.3 Resul ts  
The measurements of p ,/p descr ibed i n  Ref. 1 were s a t i s f a c t o r i l y  r i  
explained i n  terms of t he  following model i n  which r e f l e c t i o n  of molecules a t  
the tes t  su r face  is assumed to be completely d i f f u s e .  Consider the two ex- 
treme cases of complete and ze ro  energy accommodation. 
may be shown t h a t  
I n  the  f i r s t  case i t  
f o r  an i d e a l  beam. I n  the second case 
I n  the general  case the  r e f l e c t e d  momentum w i l l  be somewhere between these 
two va lues ,  so w e  may de f ine  a normal momentum t r a n s f e r  c o e f f i c i e n t  
such t h a t  
0'' 
'r 
pi 
2 [(l - a") + ut' 3 - =  
C l e a r l y  a" = 1 f o r  complete energy accommodation and 0'' = 0 f o r  zero 
energy accommodation. 
Combining Eq. (2.8) with Eq. (2 .5 )  and c a l l i n g  8/P 5 F so that 
t h e  following is  a p p l i c a b l e  t o  both the cons t an t  p re s su re  and constant  
torque procedures w e  have 
o r  
6. 
(2.10) 
Theore t i ca l ly  i t  i s  possible  t o  make an  abso lu te  determinat ion of 
0'' f o r  any gas-surface combination by simultaneous measurement of F/Fo 
and Tw/Ti. I n  p r a c t i c e ,  however, 
s ince  the  presence of thermocouple connect ions t o  the su r face  would d i s t u r b  
the  opera t ion  of the  t o r s i o n  balance and the  temperatures used (- 50OoC) 
a r e  too low t o  be measured by o p t i c a l  means. I n  order  t o  circumvent t h i s  
d i f f i c u l t y  St ickney was obl iged to e s t ima te  Tw i n d i r e c t l y  from exper i -  
mental momentum t r a n s f e r  measurements made wi th  argon which was assumed 
t o  be completely accommodated t o  the  su r face  temperature (poss ib l e  j u s t i -  
f i c a t i o n s  f o r  t h i s  assumption a re  d iscussed  i n  Ref. 1, p. 32). H i s  
measured va lues  of U" a r e  therefore  r e l a t i v e  va lues  r e f e r r e d  t o  t h a t  
of argon as un i ty .  
helium and hydrogen and - uni ty  f o r  carbon dioxide and n i t rogen .  
na tu re  of t he  t e s t  su r f ace  appeared t o  have l i t t l e  o r  no e f f e c t  on the 
magnitude of .Ir f o r  a given gas--a f a c t  which suggests  t h a t  sur face  
contaminat ion played a n  important r o l e  i n  these  measurements. For a l l  
gas-sur face  combinations inves t iga ted  (J" appeared t o  be independent of 
su r f ace  temperature wi th in  the  experimental  e r r o r .  This  g ives  support  
t o  the  bas i c  v a l i d i t y  of the  i n t e r a c t i o n  model ou t l i ned  above and shows 
U" t o  be a use fu l  parameter for desc r ib ing  such i n t e r a c t i o n s .  
is extremely d i f f i c u l t  t o  measure 
TW 
These vary between about 0.5 f o r  l i g h t  gases  such as 
The 
7. 
3.0 PRESENT INVESTIGATION. EXPERIMENTAL 
3.1 Modifications t o  Previous Apparatus 
The apparatus  i n  the form i n  which i t  was used i n  the previous 
work was unsu i t ab le  f o r  abso lu t e  determinat ions of beam momentum and mass 
f l u x e s  f o r  a v a r i e t y  of reasons.  
a )  The apparatus  can measure only the sum of the inc iden t  and 
s e p a r a t e l y  the p i  
r e f l e c t e d  momenta pi + pr .  I n  order t o  determine 
r e l a t i o n s h i p  between 
d i f f u s e  o r  specu la r ,  and i f  t h e  former, is the energy accommodation com- 
p l e t e  o r  n o t ) .  I n  the case of an experimental t e s t  su r f ace  t h i s  r e l a t i o n -  
s h i p  i s  no t  known and can only be hypothesized. 
and pi must be known (e.g., is t h e  r e f l e c t i o n  'r 
b)  The s o l i d  angle  subtended a t  the source by the t es t  su r face  
is  d i f f i c u l t  t o  determine accurately a s  t he  d i s t ance  between the tes t  
s u r f a c e  (which is f r e e l y  suspended) and t h e  source i s  very d i f f i c u l t  t o  
measure. 
c )  It is v i r t u a l l y  impossible t o  c o n s t r u c t  and mount a balance 
i n  such a way that the  axes of the t o r s i o n  head, t he  t o r s i o n  f i b e r  and 
the  test  su r face  a l l  coincide.  This means t h a t  the moment arm of the 
beam about t he  t o r s i o n  a x i s  w i l l  vary with the  t o r s i o n  angle  and the 
la t ter  w i l l  n o t  be s t r i c t l y  proport ional  t o  the  momentum t r a n s f e r  rate. 
On t h e  o t h e r  hand, t he  constant  torque procedure which i s  designed t o  
bypass t h i s  d i f f i c u l t y  s u f f e r s  from the disadvantage that un le s s  t he  beam 
is  i d e a l  (which is  t r u e  only f o r  very low source pressures)  the momentum 
f l u x  is  no t  d i r e c t l y  proport ional  t o  the source p re s su re .  The f a c t  t h a t  
i n  the previous work measurements obtained by the two procedures were 
gene ra l ly  i n  good agreement may be taken a s  i n d i r e c t  proof t h a t  these 
e f f e c t s  a r e  n o t  l a rge .  Nevertheless,  f o r  abso lu t e  measurements i t  was 
considered d e s i r a b l e  t o  e l iminate  them completely. 
8. 
It was decided t o  attempt t o  overcome d i f f i c u l t y  a )  by mounting 
a momentum t r a p  on the balance i n  place of a plane tes t  su r face .  This t r a p  
w a s  designed so t h a t  a l l  molecules e n t e r i n g  i t  had a s u f f i c i e n t l y  l a r g e  num- 
be r  of c o l l i s i o n s  wi th  the i n t e r i o r  w a l l s  t o  in su re  thermal e q u i l i b r a t i o n  
and subsequent Maxwellian re-emission. 
i n  d e t a i l  la ter .  Meanwhile i t  i s  necessary t o  remark t h a t  the entrance t o  
the t r a p  cons i s t ed  of a v e r t i c a l  s l i t  1 cm long and 2 mm wide and the s o l i d  
ang le  subtended by i t  a t  the source (- s t e r a d i a n )  was small enough t o  
be considered elemental .  It was obviously necessary t o  make su re  t h a t  the 
couple a c t i n g  on the balance was due e n t i r e l y  t o  molecules which entered 
the  momentum t r a p  and were completely accommodated. 
by introducing a de f in ing  s l i t  of appropr i a t e  and accu ra t e ly  known dimen- 
s i o n s  between the source and the entrance t o  the t r ap .  This s l i t  was 
r i g i d l y  mounted t o  the  source chamber so t h a t  t he  s l i t - s o u r c e  d i s t ance  
The design of the t r a p  i s  discussed 
This was accomplished 
could be a c c u r a t e l y  measured before assembling the apparatus .  
arrangement the re fo re  overcame the d i f f i c u l t y  descr ibed i n  b ) .  
This 
D i f f i c u l t y  c )  w a s  solved by measuring the moment arm a t  each ex- 
perimental  reading by means of a cathetometer.  The exac t  manner i n  which 
t h i s  w a s  done w i l l  be described l a t e r  (Sections 3.1.8 and 3.1.9).  
3.2 C a l i b r a t i o n  of the Torsion Balance 
One f u r t h e r  requirement f o r  abso lu t e  measurements i s  t h a t  the 
t o r s i o n a l  cons t an t  of t he  f i b e r  be accu ra t e ly  known. The only f e a s i b l e  
method of determining t h i s  quant i ty  c o n s i s t s  of suspending from t h e  f i b e r  
a body of known moment of i n e r t i a  and measuring the period of the r e s u l t i n g  
t o r s i o n a l  o s c i l l a t i o n s .  This presented d i f f i c u l t i e s  as  the momentum t r a p  
balance was of i r r e g u l a r  shape and consequently i ts  moment of i n e r t i a  w a s  
d i f f i c u l t  t o  c a l c u l a t e .  On the o t h e r  hand, the p o s s i b i l i t y  of measuring 
9.  
the t o r s i o n a l  constant  of a f i b e r  before  attachment t o  the balance w a s  con- 
s ide red  u n r e l i a b l e .  The following method was even tua l ly  adopted. The 
balance w a s  constructed i n  i t s  f i n a l  form w i t h  t o r s i o n  f i b e r  i n  place and 
a f i n e  copper needle w a s  a t t ached  i n  a ho r i zon ta l  p o s i t i o n  t o  the back of 
the mi r ro r  mounting p l a t e  by means of s i l v e r  p a i n t .  
of t h i s  needle  about a perpendicular axis through i t s  c e n t e r  was of the 
same o rde r  as t h a t  of the balance. 
under a microscope t o  in su re  t h a t  t he  c e n t e r  of the needle coincided 
accu ra t e ly  wi th  the po in t  of attachment of t he  t o r s i o n  f i b e r .  The balance 
was then suspended i n  the apparatus and i ts  pe r iod ic  time was measured 
( t h i s  involved evacuation of the test  chamber t o  e l imina te  the e f f e c t  of 
a i r  damping). Following t h i s  the balance was removed from the apparatus  
and the copper needle c a r e f u l l y  detached. The balance was then r e - i n s t a l l e d  
i n  the apparatus  where, a f t e r  i t s  new period of o s c i l l a t i o n  had been d e t e r -  
mined, i t  remained f o r  t he  rest of the measurements. F i n a l l y ,  the copper 
needle w a s  c a r e f u l l y  weighed, its length measured on a t r a v e l l i n g  microscope 
and hence i t s  moment of i n e r t i a  c a l c u l a t e d .  S u f f i c i e n t  information w a s  then 
a v a i l a b l e  t o  a l low the moment of i n e r t i a  of the balance and the  t o r s i o n a l  
cons t an t  of the f i b e r  t o  be ca l cu la t ed .  
The moment of i n e r t i a  
The mounting ope ra t ion  w a s  performed 
3.3 Design of the Momentum Trap 
Diagrams i n d i c a t i n g  the method of cons t ruc t ion  of the momentum 
t r a p  are  shown i n  Fig.  3. The material used was 0.001 inch aluminum f o i l ,  
folded as  shown, and cemented in p o s i t i o n  by means of Eccobond so lde r  58C. 
I n  a d d i t i o n ,  a piece of cr inkled f o i l  was i n s e r t e d  along the back w a l l  of 
t he  t r a p  chamber t o  inc rease  the d i f f u s e n e s s  of molecular r e f l e c t i o n  the re .  
The t r a p  w a s  made symmetrical about the q u a r t z  f i b e r  a x i s  f o r  reasons of 
dynamic balance.  The small tabs above and below the  entrance s l i t  ind ica t ed  
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t h c  pos i t i on  of the s l i t  when the t r a p  was viewed from behind, and were used 
f o r  alignment purposes. 
4 .  
3.2, and w a s  found t o  bc 
A diagram of the complete balance is  shown i n  Fig.  
Its moment of i n e r t i a  was determined by the method descr ibed i n  Sec t ion  
2 6.25 ? 0.03 X gm c m  
3.4 The DefininP S l i t  
The de f in ing  s l i t  was made from pieces  of 0.005 inch shim stock 
cemented onto a c i r c u l a r  b r a s s  p la te  which had a wide s l i t  mi l l ed  a c r o s s  
the  c e n t e r .  The pieces  of stock which formed the  two long edges of the 
s l i t  were made by d iv id ing  a s ing le  s h e e t  of s tock and matching the new 
edges formed. Thus although the s l i t  was not p e r f e c t l y  s t r a i g h t ,  i ts  
width va r i ed  less than 0.004 inch (one p a r t  i n  60). The mean width w a s  
determined by measurement with a t r a v e l l i n g  microscope t o  be 5.93 It 0.02 
X c m  and i t s  l eng th  5.074 X 10-1 cm with n e g l i g i b l e  e r r o r .  
w a s  screwed down over a 1 inch diameter hole  i n  a b r a s s  mounting p l a t e  
which replaced the s t a i n l e s s  steel  d i s c  used t o  d e f i n e  the beam i n  the 
ear l ier  work. This p l a t e  could be r o t a t e d  from o u t s i d e  the system about 
two d i f f e r e n t  p ivo t  po in t s ,  thus al lowing the s l i t  to  be t r ave r sed  while 
remaining v e r t i c a l .  
The s l i t  
The same p a r t i t i o n  w a l l  was used. 
3.5 The Source Aperture 
Most of t he  previous measurements were made using s l i t  source. 
However, i t  w a s  decided t h a t  for the  present  work a c i r c u l a r  o r i f i c e  would 
be p re fe rab le ,  s i n c e  then i t  was poss ib l e  t o  use the  de f in ing  s l i t  t o  
l i m i t  t he  beam i n  the v e r t i c a l  d i r e c t i o n  as  w e l l  as the  ho r i zon ta l .  With 
a n  extended v e r t i c a l  s l i t  source some molecules could have passed through 
the  de f in ing  s l i t  without en te r ing  the momentum t r a p .  The source cons i s t ed  
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of a c i r c u l a r  hole d r i l l e d  i n  a piece of 0.001 inch shim stock.  Its mean 
diameter determined from four  t r a v e l l i n g  microscope measurements was 
1.010 2 0.005 X 10-1 cm 
I n  the  o r i g i n a l  form of the  appara tus  the t o r s i o n  a x i s  and source 
a x i s  i n t e r s e c t e d  so t h a t  i n  order  t o  ob ta in  any moment about the  t o r s i o n  
f i b e r  the  f i r s t  measurements were made using a beam which was about 10" of f  
t he  source a x i s ,  g iv ing  a moment arm of 1 cm. Later, however, t he  appara tus  
w a s  modified t o  a l low a l imi ted  r o t a t i o n  of the  source and de f in ing  s l i t  
assembly about a v e r t i c a l  a x i s .  
and hence made comparison between theory and experiment more d i r e c t  ( see  
Sec t ion  5.4). 
This  made i t  poss ib le  t o  use a x i a l  beams 
3.6 The Cathetometer 
The cathetometer  w a s  manufactured by the  Gaertner  S c i e n t i f i c  
Corporat ion ( s e r i a l  number 1020A). 
h o r i z o n t a l  and v e r t i c a l  d i r e c t i o n s  and both coord ina tes  determined t o  a 
l e a s t  count of 0.001 inch by means of Vernier  s ca l e s .  
The te lescope  could be t r ave r sed  i n  both 
3.7 The McLeod Gaupe 
A McLeod gauge w a s  used t o  measure the  source chamber pressure ,  
2 
It  had a s e n s i t i v i t y  of 1.10 X 
c m .  
torr/cm and a l e a s t  count of 2 X 
3.8 Alipnment of the Molecular Beam 
The va r ious  alignment conf igu ra t ions  used are depic ted  schemati- 
Accurate alignment of t he  appara tus  w a s  made poss ib l e  by c a l l y  i n  F ig .  5. 
t he  f a c t  t h a t  a small g l a s s  window was s e t  i n  the  back w a l l  of t he  source 
chamber d i r e c t l y  opposi te  the  source ape r tu re .  By plac ing  a l i g h t  source 
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behind t h i s  window j u s t  ou t s ide  the t e s t  chamber i t  was poss ib l e  t o  view the  
source a p e r t u r e  through the defining s l i t .  
For the  case of the platinum t e s t  su r f ace  (Figs .  5a and b ) ,  the 
alignment proceddre w a s  f a i r l y  s t ra ightforward s ince  the a c t u a l  po in t  of 
impact of the beam on the surface was no t  c r i t i c a l .  The cathetometer was 
ad jus t ed  u n t i l  the image of the source coincided w i t h  the cathetometer 
c r o s s  h a i r s  and t h e  c e n t e r  of the image of the de f in ing  s l i t .  I n  t h i s  
fashion the beam a x i s  was defined. 
so that the l i g h t  s p o t  appeared a t  t he  ze ro  po in t  on the scale when t h e  
su r face  w a s  perpendicular t o  t h i s  a x i s .  
both o f f - a x i s  and a x i a l  beam measurements. 
The galvanometer lamp was then a d j u s t e d  
This  procedure w a s  the same f o j  
The momentum t r a p ,  F ig .  5c, was more d i f f i c u l t  as it was necessary 
t o  in su re  t h a t  the entrance slit of t h e  t r a p  lay on the beam a x i s  when the  
balance w a s  perpendicular t o  i t .  The following procedure was devised. The 
de f in ing  s l i t  was f i r s t  swung away t o  one s i d e  to  g ive  a n  unobstructed view 
of the source,  and the  balance was r a i s e d  above the  normal operat ing p o s i t i o n  
so t h a t  when viewed through the cathetometer the t a b  below the  entrance s l i t  
appeared s l i g h t l y  higher  than the source. The balance w a s  then s t a r t e d  
o s c i l l a t i n g  about the zero point (which could be determined approximately) 
and t h e  cathetometer ad jus t ed  u n t i l  dur ing the  course of a swing the t a b  
appeared t o  move out  t o  a pos i t i on  d i r e c t l y  above the  source and then move 
back i n  again.  The cathetometer and source then l ay  along the required beam 
a x i s  and t h e  de f in ing  s l i t  was swung back and ad jus t ed  i n t o  alignment. 
F i n a l l y ,  t he  balance was lowered i n t o  the  c o r r e c t  operat ing p o s i t i o n  and 
the  galvanometer lamp adjusted as  before .  No a x i a l  measurements were made 
w i t h  the momentum t r a p  s ince  the source assembly could not  be r o t a t e d  from 
o u t s i d e  the t e s t  chamber and hence accu ra t e  alignment of the momentum t r a p  
on the source axis  was impossible. 
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3.9 Experimental Procedure 
As s t a t e d  previously,  the cons t an t  pressure technique was used through- 
o u t  the p re sen t  work. The experimental procedure w a s  as follows: 
1. 
2. 
3.  
4 .  
5 .  
6 .  
The balance was i n s t a l l e d ,  the tes t  chamber evacuated t o  about 
2 X 
The period of o s c i l l a t i o n  of the balance was checked and the 
reading of the cathetometer when s igh ted  a long  the  beam a x i s  
was noted. 
The balance was s e t  to  t he  zero p o s i t i o n  and the  reading of 
the t o r s i o n  head was noted. 
Gas was admitted to the source chamber v i a  a metering valve.  
When a s teady source pressure had been achieved the t o r s i o n  
head w a s  manipulated to b r ing  the galvanometer spo t  once 
more t o  the s c a l e  zero point .  ( In  f a c t ,  the s p o t  w a s  u sua l ly  
n o t  a t  r e s t  but  o s c i l l a t e d  about the ze ro  point  w i th  amplitude 
1 c m  o r  less.) 
The new t o r s i o n  head reading and the McLeod gauge reading 
were taken and noted. 
The cathetometer w a s  t r ave r sed  and s igh ted  on the t o r s i o n  
f i b e r  and the new reading of the ho r i zon ta l  s c a l e  was noted. 
The d i f f e r e n c e  between t h i s  reading and the beam a x i s  reading 
was a measure of the moment ann of the beam about the t o r s i o n  
a x i s .  Since the balance was usua l ly  swinging s l i g h t l y  with 
amplitudes of a few thousands of a n  inch a t  the bottom of 
the  t o r s i o n  f i b e r  i t  w a s  e a s i e r  t o  s i g h t  the cathetometer 
a t  the top of the f i b e r .  This  meant, however, that the cathe-  
tometer had t o  be very c a r e f u l l y  leveled before  the experiment. 
t o r r  and the  apparatus a l igned .  
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7 .  The temperature was measured by a mercury thermometer immediately 
ou t s ide  the t es t  chamber, and w a s  assumed t o  be uniform through- 
out  the apparatus .  (The temperature was needed only f o r  the 
c a l c u l a t i o n  of t h e  source Knudsen number, and even then i t s  
e f f e c t  w a s  very small .)  
8. Steps 4 ,  5, 6 ,  and 7 were repeated f o r  d i f f e r e n t  source p re s su res  
between 10 and 200 p Hg. 
9 .  The ze ro  reading of the t o r s i o n  head was aga in  checked. 
of the pR The r e s u l t s  were p l o t t e d  i n  dimensionless form with the  r a t i o  
measured fo rce  t o  the ca l cu la t ed  f r e e  molecular value f o r  d i f f u s e  r e f l e c t i o n  
as  o r d i n a t e  and the  inve r se  source Knudsen number a/h as absc i s sa .  
4.0 THEORETICAL CONSIDERATIONS 
I n  o rde r  t o  i n t e r p r e t  measurements of momentum t r a n s f e r  i n  terms 
of the mass and momentum f l u x e s  i n  the inc iden t  beam i t  is  necessary t b  con- 
s i d e r  the i n t e r a c t i o n  between the beam and the tes t  su r face  i n  some d e t a i l .  
I n  the following a n a l y s i s  i t  is  assumed that the system i s  isothermal,  i . e . ,  
that t h e  source and test surface temperatures are equal.  
In  a w e l l  col l imated a x i a l  molecular beam ope ra t ing  under f r e e  
molecule ("ideal") cond i t ions  the mass f l u x  % and t h e  momentum f l u x  
are  given, according t o  elementary k i n e t i c  theory,  by LFM 
- p F dR dS % -  4n 
i n  the usual no ta t ion .  R i s  the gas constant /uni t  mass, dQ the s o l i d  
a n g l e  of co l l ima t ion ,  and dS the  area of t he  source a p e r t u r e .  
Hence 
- = - = -  3RT 3 (y)1'* 
2 
4% 
C % 
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Under non-ideal condi t ions  we may w r i t e  
where cp2”p1 
f l u x e s  from t h e i r  f r e e  molecule values  and a r e  func t ions  of the  source Knudsen 
number K. It should be emphasized that ‘p2 and cp a r e  not  necessa r i ly  
equal .  
a r e  the  (dimensionless) pe r tu rba t ions  of the momentum and mass 
1 
I n  f a c t ,  experiments have shown7 that the mean thermal speed of the  
beam increases  wi th  source pressure so t h a t  > cpl. 2 
I f  t he  beam now s t r i k e s  a p e r f e c t l y  accommodating sur face  a t  normal 
incidence the  molecules w i l l  be re-emit ted d i f f u s e l y  wi th  a Maxwellian veloc-  
i t y  d i s t r i b u t i o n .  I t  may e a s i l y  be shown t h a t  the r a t i o  of the normal momentum 
f l u x  t o  the  mass f l u x  f o r  such a beam is  given by 
Now i n  the  s teady s t a t e  the  number of molecules s t r i k i n g  the  su r face  must be 
equal  t o  the  number leaving,  so that 
Hence 
The t o t a l  normal fo rce  p exerted on the  su r face  i s  given by 
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Thus the  pe r tu rba t ion  of t he  force on such a su r face  from its f r e e  molecule 
va lue  is a weighted mean of t he  momentum and mass f l u x  pe r tu rba t ions  i n  the  
beam. 
Consider now a d i f f e r e n t  type of r e f l e c t i o n  i n  which the  molecules 
a r e  re-emit ted i n  p e r f e c t l y  d i f fuse  fash ion  bu t  w i th  no energy accommodation 
a t  the  sur face .  More s p e c i f i c a l l y ,  assume t h a t  each molecule s t r i k i n g  the  
su r face  r e t a i n s  i t s  own speed but is re-emit ted i n  a random d i r e c t i o n .  
Simple c a l c u l a t i o n  shows t h a t  i n  t h i s  case  the  average va lue  of the normal 
momentum c a r r i e d  away by each molecule is equal t o  two t h i r d s  of i ts  
inc iden t  momentum. Hence i n  t h i s  ca se  
2 tr = l i i  (4.7) 
and 
I n  t h i s  case ,  t he re fo re ,  the  per turba t ion  of p is equal t o  t h a t  of i' 
I f  i n  the  case  of a rea l  su r f ace  the  i n t e r a c t i o n  may be descr ibed 
i n  terms of a model i n  which a f r a c t i o n  0'' (defined by Eq. 2.8) of the  
inc iden t  molecules is  completely accommodated t o  the  sur face  while  t he  
remainder a r e  r e f l e c t e d  i n  the  manner of the  second model (sometimes c a l l e d  
mul t i - specular  r e f l e c t i o n )  t he  t o t a l  fo rce  a c t i n g  on the  sur face  w i l l  be 
1 7 .  
I 
which may a l s o  be w r i t t e n  
pR defined It is  convenient t o  work i n  terms of a dimensionless fo rce  r a t i o  
a s  p/p, where pFM = - h 5 
3 FM ' 
Hence 
(4.10) 3cp2 + 2q1 2 + - ( 1  - U1')((P2 - T1) 5 = 1 +  pR 
w i l l  depend not only PR The model p r e d i c t s ,  t he re fo re ,  tha t  the  force  r a t i o  
on K bu t  a l s o  on U", even under isothermal condi t ions .  The magnitude of 
t he  e f f e c t  of U" depends on the d i f f e rence  between ql and 'p2. It w i l l  
be shown l a t e r ,  however, t h a t  o2 - 9, i s  so small t h a t  the  v a r i a t i o n  of 
wi th  a'' is v i r t u a l l y  undetectable  i n  the  p re sen t  experiments. PR 
5.0 EXPERIMENTAL RESULTS 
5.1 The Momentum T r a p  
Experimental r e s u l t s  obtained wi th  the momentum t r a p  a r e  shown i n  
F ig .  6.  I n  t h i s  case  the  absc issa  i s  on a logar i thmic  s c a l e .  For low va lues  
of E = K f o r  He, i . e . ,  the f r e e  molecule l i m i t  the  experimental  po in t s  
approach the  expected value of un i ty  t o  wi th in  1 per  cent .  For argon, whose 
mean f r e e  path i s  approximately one t h i r d  t h a t  of helium, the  r e s u l t s  do not  
extend t o  low enough va lues  of E 
However, i f  the po in t s  a r e  p lo t ted  on a l i n e a r  s c a l e  and the  experimental  
curve ex t r apo la t ed  by eye to E = 0 
value of un i ty .  
common range when p l o t t e d  i n  t h i s  manner d e s p i t e  t h e i r  l a rge  discrepancy i n  
mean f r e e  pa ths .  
-1 
t o  al low a similar s ta tement  t o  be made. 
i t  again l i e s  w i th in  1 per  c e n t  of the  
The helium and argon r e s u l t s  agree  f a i r l y  c lose ly  over t h e i r  
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5.2 Platinum Surface 
I n  F ig .  7 the  r e s u l t s  obtained wi th  helium and argon on platinum 
a r e  added and seen t o  be i n  c lose  agreement wi th  the momentum t r a p  r e s u l t s ,  
w i th in  the  experimental  spread which is  t y p i c a l l y  21.5 pe r  cen t .  This must  
be taken t o  i n d i c a t e  t h a t  both argon and helium a r e  r e f l e c t e d  d i f f u s e l y  
from a platinum su r face  under the cond i t ions  of the  present  experiment. 
There i s  no evidence t h a t  the experimental po in t s  f o r  helium on platinum 
l i e  any higher  than those taken with the  momentum t r a p  even though the 
va lue  of U" f o r  t h i s  combination was est imated by Stickney to  be about 
0.5. One must assume, therefore ,  that the e f f e c t  of 0'' on the  momentum 
t r a n s f e r  is  too small t o  be detected i n  these  experiments and therefore  
'p2 and cp a r e  very near ly  equal. Fu r the r  evidence support ing t h i s  
hypothesis  w i l l  be given l a t e r .  
1 
5.3 Axial  Beam Measurements on Platinum 
The r e s u l t s  obtained with a x i a l  beams of helium and argon on 
platinum a r e  shown i n  F ig .  8. The only d i f f e rence  from the  previous 
resu l t s  is that the  per turba t ion  from the  f r e e  molecule l i m i t  i s  s l i g h t l y  
l a r g e r  than f o r  t he  o f f - a x i s  beams. The argon and helium resul ts  aga in  
ag ree  q u i t e  w e l l  i n  t h e i r  common range. 
-1 From Fig.  8b i t  can be seen t h a t  f o r  small va lues  of K 
(5 0.5) the  behavior of pR may be represented  by an  equat ion of the  
form 
(5.1) = 1 + A/K PR 
The value of A has been est imated by drawing i n  by eye the  b e s t  f i t  
asymptote t o  the  experimental  curve a t  the  o r i g i n .  The va lue  obtained is  
A = 0.28 rt 0.02 
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5.4 Comparison Between Theory and Experiment 
It i s  i n t e r e s t i n g  to  compare the  a x i a l  beam measurements wi th  e x i s t -  
ing t h e o r i e s  of near  f r e e  molecule o r i f i c e  flow. 
s ide red  t h e o r e t i c a l l y  by Narasimha3 who was, however, c h i e f l y  concerned wi th  
obta in ing  an express ion  f o r  t he  t o t a l  mass flow t o  compare wi th  the exper i -  
mental r e s u l t s  of Liepmann. 
of the k i n e t i c  equat ion ,  using the Krook c o l l i s i o n  model, Narasimha obta ined  
a f i r s t  o rder  c o r r e c t i o n  t o  the  f r e e  molecule d i s t r i b u t i o n  func t ion  a t  the  
c e n t e r  of a c i r c u l a r  o r i f i c e  which w a s  s t r i c t l y  app l i cab le  only t o  molecules 
t r a v e l l i n g  along the a x i s  of the o r i f i c e .  However, by making reasonable  
assumptions concerning the  d i s t r i b u t i o n  func t ion  of molecules t r a v e l l i n g  i n  
non-axial  d i r e c t i o n s ,  and assuming the l o c a l  mass f l u x  t o  be cons tan t  over 
t he  a r e a  of the  o r i f i c e  Narasimha obtained an express ion  f o r  the t o t a l  mass 
f l u x  which w a s  i n  reasonable agreement wi th  Liepmann's measurements. Using 
Narasimha's d i s t r i b u t i o n  funct ion i t  is easy t o  c a l c u l a t e  the  mass and 
momentum f luxes  i n  a wel l  coll imated a x i a l  beam, assuming t h a t  molecular 
c o l l i s i o n s  downstream of t h e  o r i f i c e  a r e  n e g l i g i b l e .  The r e s u l t i n g  expres-  
s i o n s  a r e  
This  problem was f i r s t  con- 
4 By performing one i t e r a t i o n  on an  i n t e g r a l  form 
of the  PR where A I  = 0.601, A2 = 0.674. This  g ives  an  expression f o r  
same form as Eq. (5 .1) ,  but  a value of A of 0.645, which i s  much l a r g e r  
than present  measured va lue .  
5 Morton has performed a similar c a l c u l a t i o n  wi th  the  s p e c i f i c  
ob jec t ive ,  however, of determining the  v e l o c i t y  d i s t r i b u t i o n  func t ion  of a 
w e l l  co l l imated  a x i a l  beam well downstream of the o r i f i c e .  He ob ta ins  a 
va lue  of A1 of 0.825, bu t  unfortunately does not  c a l c u l a t e  t he  momentum 
f lux .  Comparing Morton's and Narasimha's va lues  of A1, i t  appears  t h a t  
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t h e  e f f e c t  of downstream c o l l i s i o n s  i s  t o  enhance r a t h e r  than diminish the 
i n t e n s i t y  of the beam. 
Very r ecen t ly  Willis and F i t z j a r r a l d  ( p r i v a t e  communication) have 
performed a more d e t a i l e d  c a l c u l a t i o n  i n  which they r e s t r i c t  themselves t o  
the eva lua t ion  of mass and momentum f l u x  i n  a w e l l  col l imated beam f a r  down- 
stream of the o r i f i c e  bu t  no longer assume the  d i s t r i b u t i o n  funct ion t o  be 
uniform over the o r i f i c e  a rea .  Their c a l c u l a t e d  va lues  of the cons t an t s  
and A are 0.592 and 0.692, respect ively,  when using Morton's i n t e r p r e t a -  
t i o n  of mean f r e e  path i n  terms of c o l l i s i o n  frequency. Willis, however, 
regards  a r a t h e r  d i f f e r e n t  i n t e r p r e t a t i o n  as  being more appropr i a t e  f o r  com- 
par ison between theory and experiment, and t h i s  g i v e s  
and the re fo re  A = 0.512, about 80 percent higher  than our experimental value.  
A1 
2 
6 
A I  = 0.465, A2 = 0.543, 
A l l  the  above r e s u l t s  assume a gas v i s c o s i t y  proport ional  t o  t e m -  
pe ra tu re  and P rand t l  number of uni ty .  Willis and F i t z j a r r a l d  f i n d ,  however, 
t h a t  the use of a more r e a l i s t i c  v i s c o s i t y  temperature l a w  reduces the value 
of A by only 2 percent  f o r  helium and even less f o r  argon. 
The e f f e c t  of assuming a P rand t l  number of un i ty  ( r a t h e r  than the 
c o r r e c t  value of 2/3 f o r  a monatomic gas)  has not  y e t  been estimated, b u t  
i t  is extremely un l ike ly  t h a t  i t  would account f o r  such a l a rge  discrepancy 
between the experimental  and t h e o r e t i c a l  values  of A .  
The reason f o r  t h i s  discrepancy is  not  known. It  could be due 
e i t h e r  t o  the use i n  t h e  theory of a s impl i f i ed  model of the k i n e t i c  equa- 
t i o n  ( t h e  Krook model), o r  t o  some spurious e f f e c t  i n  the  experiment. I n  
the l a t te r  case, the most obvious p o s s i b i l i t y  i s  t h a t  t he  increase i n  t e s t  
chamber pressure wi th  source pressure could cause a t t e n u a t i o n  of the beam 
a t  l o w  Knudsen numbers ( t h e  exce l l en t  agreement i n  t h e  f r e e  molecule l i m i t  
i n d i c a t e s  t h a t  a t t e n u a t i o n  i s  n e g l i g i b l e  a t  the lowest source p re s su res ) .  
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It was decided, t he re fo re ,  t o  i nves t iga t e  t h i s  po in t  thoroughly. The tes t  
chamber pressure as  measured by a nude i o n i z a t i o n  gauge mounted j u s t  below 
the chamber was of the o rde r  2.5 X t o r r  when the beam w a s  turned o f f ,  
bu t  ro se  t o  5.5 X t o r r  when the source pressure w a s  150 p. A t  t h i s  
p re s su re  the mean f r e e  path of argon is about 90 cm. Since the  d i s t ance  
t r ave r sed  by the  beam between the source and tes t  su r face  is 6 cm,  the beam 
could have been a t t enua ted  by about 6 .5  percent.  
small a n  e f f e c t  t o  exp la in  the discrepancy between theory and experiment, 
i t  i s  neve r the l e s s  l a rge  enough t o  warrant co r rec t ion .  
however, t h a t  the c a l c u l a t i o n  above is a very approximate one and could no t  
i t s e l f  be used as a co r rec t ion .  It merely i n d i c a t e s  that it i s  poss ib l e  t h a t  
a s i g n i f i c a n t  po r t ion  of the beam was l o s t  through a t t e n t u a t i o n .  Whether 
t h i s  w a s  a c t u a l l y  the case ,  and t o  what e x t e n t ,  can be determined only by 
experiment. 
Although t h i s  is f a r  too 
It must be emphasized, 
The s imples t  means of ob ta in ing  a c o r r e c t i o n  is  t o  make momentum 
flux measurements a t  d i f f e r e n t  pumping speeds and e x t r a p o l a t e  the  r e s u l t s  
t o  i n f i n i t e  pumping speed, i . e . ,  zero tes t  chamber pressure.  An approximate 
c a l c u l a t i o n  ind ica t ed  t h a t  the pumping speed obtained from the d i f f u s i o n  
pump was about 400 l i t e r / s e c ,  whereas i t s  r a t i n g  w a s  about 1,400 l i t e r / s e c .  
Th i s  l o s s  of speed was t raced,  a t  least  i n  p a r t ,  t o  t he  presence of a l i q u i d  
n i t r o g e n  t r a p  of low conductance immediately above the d i f f u s i o n  pump. The 
t r a p  was the re fo re  removed from the apparatus  and replaced by a s t r a i g h t  
through pipe of equivalent  length, w i th  the e f f e c t  of increasing the pumping 
speed t o  about 800 l i ter /sec and of decreasing the  presumed a t t e n u a t i o n  of 
the beam t o  approximately half i t s  former value.  
Measurements taken wi th  t h i s  higher pumping speed a r e  shown i n  
Fig.  9 ,  and compared wi th  the previous r e s u l t s .  Within the  experimental 
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e r r o r  t h e r e  i s  no d e t e c t a b l e  d i f f e rence  between the two sets of d a t a ,  a f a c t  
which can only mean t h a t  a t t enua t ion  was no t  important i n  e i t h e r  case.  
A second p o s s i b i l i t y ,  which is much harder t o  i n v e s t i g a t e ,  is that 
some molecules a f t e r  s t r i k i n g  the d e f i n i n g  p l a t e  c l o s e  t o  the  s l i t  were being 
re-emit ted i n t o  the path of t he  oncoming beam and hence causing a t t e n u a t i o n .  
Th i s  e f f e c t  would presumably be independent of pumping speed and hence could 
no t  be de t ec t ed  by the above technique. Willis ( p r i v a t e  comunica t ion)  has  
es t imated the s i z e  of the e f f e c t  as  about 1/3 per cen t  f o r  t he  p re sen t  
geometry of t he  apparatus .  This  is c e r t a i n l y  neg l ig ib l e .  No o t h e r  experi-  
mental e f f e c t  which could explain t h e  d i f f e r e n c e  between t h e o r e t i c a l  and 
experimental  va lues  of the constant A has  presented i t s e l f  t o  d a t e ,  so 
t h a t  t he  reason f o r  the discrepancy remains unresolved. 
5.5 Measurements a t  Oblique Incidence 
Consider t he  arrangement depicted i n  F ig .  10, where the zero 
balance p o s i t i o n  i s  chosen so t h a t  the beam impinges on the su r face  a t  an 
a n g l e  of incidence 8. I f  t h e  re-emitted momentum has magnitude p and 
is  i n c l i n e d  a t  a n  angle  cp t o  the normal, on the opposi te  s i d e  from the  
i n c i d e n t  beam, the  torque exerted on the balance is 
r 
C 
where l? i s  
f i b e r  (i.e.,  
= pi .t + pr 1 sec 8 cos  cp (5.3) 
t he  perpendicular d i s t a n c e  from the  beam a x i s  t o  the  t o r s i o n  
t h e  moment arm measured by the  cathetometer.  The e f f e c t i v e  
fo rce ,  t he re f  o r e  , is 
C - = p. + p sec 8 COS cp P = j  1 r 
I n  the  case of complete accommodation 
(5 .4 )  
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p i  
cp = o  
so that 
n . 
P 
and 
L L riFM (1 + - 3 sec  8 + rp2 + - 3 1  cp sec e )  
3p2 + 2cp1 sec 8 
= 1 +  PR 3 + sec 8 
(5.5) 
(5.7) 
By comparing Eq. (5.6) with the corresponding one f o r  normal incidence w e  see 
t h a t  the f r e e  molecular value of p a t  obl ique incidence is l a r g e r  than t h a t  
a t  normal incidence by a f a c t o r  
t i o n  cp i s  now a d i f f e r e n t  weighted mean of cp and cp so t h a t  by com- 
pa r ing  measured fo rce  per turbat ions a t  normal and obl ique incidence i t  should 
be poss ib l e  t o  determine rp and cp sepa ra t e ly .  Unfortunately,  the method 
is n o t  a very s e n s i t i v e  one. The maximum value of 8 which it  is  convenient 
to  use i n  the p re sen t  apparatus i s  about 40" ,  s o  t h a t  sec 8 - 1.3. Hence 
even i f  9, = 2cp1 the  difference between the fo rce  pe r tu rba t ions  a t  normal 
and obl ique incidence is only about 4 p e r  cen t ,  which is  about t he  accuracy 
t o  which the pe r tu rba t ion  can b e  measured. 
(3 + 2 sec 8 ) / 5 .  Also, the fo rce  per turba-  
2 1 
2 1 
Resul ts  obtained a t  an angle  of incidence of 40.4" are  shown i n  
F i g .  11. Since the  preceding a n a l y s i s  assumes complete accommodation only 
argon was used i n  these measurements. The inc rease  i n  the f r e e  molecule 
v a l u e  of p corresponds f a i r l y  accu ra t e ly  t o  the expected value f o r  d i f f u s e  
r e f l e c t i o n .  The curve drawn in on t h e  f i g u r e  i s  the b e s t  f i t  asymptote t o  
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t he  normal incidence r e s u l t s  a t  the o r i g i n  and i t  appears  t o  f i t  the  obl ique 
incidence r e s u l t s  equal ly  wel l .  In o t h e r  words, the d i f f e rence  between cp 
and cp is too small t o  be detected i n  these  experiments,  a conclusion which 
is  suppor ted  by Willis and F i t z j a r r a l d ' s  c a l c u l a t i o n s  f o r  near ly  f r e e  molecule 
flow which y i e l d  a value of cp / c p  of about 1.15. Experimentally S c o t t ,  e t . a l . ,  
made measurements of the d i s t r i b u t i o n  func t ions  of non-ideal  molecular beams 
2 
1 
7 
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f o r  var ious  va lues  of the same Knudsen number. Unfortunately,  only the shape 
of the d i s t r i b u t i o n  func t ion  and not its r e l a t i v e  t o t a l  i n t e n s i t y  was measured 
i n  these  experiments. Nevertheless i t  is  poss ib le  from t h e i r  r e s u l t s  t o  c a l -  
c u l a t e  va lues  of b/& by taking the appropr i a t e  moment of t h e i r  experimental  
d i s t r i b u t i o n  curves.  For argon a t  a source Knudsen number of 1.04 the  value 
of I~ /&(zRT)  we ca l cu la t ed  from t h e i r  r e s u l t s  is  1.41. I n  the  case of 
f r e e  molecule flow the  t h e o r e t i c a l  value is  ( 9 ~ r / 1 6 ) ~ / ~ ,  o r  1.33. (See 
Eq. 4.2.)  Hence ( 1  + cp2)/(1 + rp,) = 1.06. From our  own da ta  a t  K = 1.04 
(Fig. 8),  we f i n d  (N2 + 2q1)/5 = 0.19. Hence 
cp2 = 0.22 
cpl = 0.16 
This  r a t i o  i s  considerably higher than Willis' t h e o r e t i c a l  value mainly 
because we have used our experimental  value of cp which is lower than the  
va lue  predic ted  by Willis' theory. Morton has pointed ou t  t h a t  h i s  theory 3 
p r e d i c t s  changes i n  shape of the speed d i s t r i b u t i o n  func t ion  f a i r l y  wel l  
b u t  that h i s  c a l c u l a t e d  change i n  i n t e n s i t y  is  apprec iab ly  too la rge  
(compared, presumably, t o  S c o t t ' s  measurements of beam i n t e n s i t y  which, 
un fo r tuna te ly ,  have no t  y e t  been published).  I f  so, t he  same i s  probably 
t r u e  of W i l l  i s  ' theory. 
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5.6 The E f f e c t  of a Non-Ideal Beam on Previous Resul t s  
Using the  values  of cp and cp obtained above f o r  a Knudsen 2 1 
number of 1.04 i t  i s  i n s t r u c t i v e  to c a l c u l a t e  the  e f f e c t  of a non-ideal beam 
on the  va lue  of a'' deduced from measurements of momentum t r a n s f e r  a t  t h i s  
va lue  of 
i t  should be r e c a l l e d ,  was derived assuming an  i d e a l  Maxwellian beam. 
i s  shown i n  the  Appendix t h a t  when non-ideal  e f f e c t s  a r e  taken i n t o  account 
Eq. (2.10) becomes 
K when in t e rp re t ed  according t o  the simple formula (2.10) ,  which, 
It 
For argon (a" = 1) the term i n  cu r ly  bracke ts  has t he  value 0.966 a t  
K = 1.04, and f o r  helium (a" = 0.5) t he  value is 0.955. Thus the  e r r o r  
involved i n  using the simple formula (2.10) is only about 1 percent  i f  the 
source pressures  of the  two gases a r e  ad jus t ed  t o  g ive  the same source 
Knudsen number. I f ,  however, the source pressures  a r e  the same f o r  the  two 
gases  ( t h i s  w a s  usua l ly  the case i n  the  previous work) the  value of 
helium w i l l  be only 0.381, which from our da t a  g ives  
If we assume t h a t  
K - l  for 
(3(p2 + 2cp1)/5 = 0.10. 
cp2/'p1 = 1.46 a s  before ,  we f i n d  
'p, = 0.114 
'pl = 0.071 
and the  term i n  c u r l y  bracke ts  i n  Eq. (5 .9)  has the  value of 0.973, which 
a g a i n  only d i f f e r s  from the value f o r  argon by about one percent .  Since 
one cannot hope t o  measure a'' t o  a n  accuracy of 1 per  cent  wi th  the 
present  appara tus  ( the  s c a t t e r  i n  S t i ckney ' s  da t a  w a s  t y p i c a l l y  +5 percent ) ,  
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i t  seems that one would be j u s t i f i e d  i n  using the  simple formula (2.10) even 
a t  such low Knudsen numbers. 
a s l i t  source so t h a t  t h e  above c a l c u l a t i o n  cannot be expected t o  a p p l y  
d i r e c t l y .  However, t he  widths  of t he  sl i ts  used (0.003" and 0.007") were 
much smal le r  than the  diameter of t he  c i r c u l a r  a p e r t u r e  employed i n  the  
present  i n v e s t i g a t i o n  and i t  i s  the re fo re  f a i r  t o  assume t h a t  i n  t h i s  case  
non-ideal  beam e f f e c t s  were even smaller, and the  use of Eq. (2.10) even 
more j u s t i f i a b l e .  We conclude the re fo re  that St ickney ' s  measured va lues  
of 
Most of S t ickney ' s  measurements were made using 
ut' do not  r equ i r e  any co r rec t ion  f o r  non-ideal beam e f f e c t s .  
6 . 0  DISCUSSION AND CONCLUSIONS 
The experi t ients  described here  have demonstrated the  f e a s i b i l i t y  
of p lac ing  measurements of momentum t r a n s f e r  i n  gas-surface i n t e r a c t i o n s  
on a n  abso lu te  b a s i s ,  so t h a t  fu tu re  inves t iga t ions  w i l l  no t  be obl iged t o  
r e l y ,  as d id  e a r l i e r  work, on purely r e l a t i v e  measurements. 
One of t h e  foremost requirements f o r  abso lu t e  measurements i s  a 
knowledge of t he  p r o p e r t i e s  of the inc iden t  molecular beam and these  have 
been s tud ied  i n  some d e t a i l  f o r  t he  p a r t i c u l a r l y  important case  of a wel l  
co l l imated  beam emanating from a c i r c u l a r  source o r i f i c e .  Spec ia l  a t t e n -  
t i o n  has been paid t o  the  eva lua t ion  of the  mass and momentum f l u x e s  i n  
such a beam over a range of source Knudsen numbers from about 30 t o  0.3. 
This  inc ludes  the  whole of the "nearly f r e e  molecular" flow regime of 
r a r e f i e d  gas  dynamics f o r  which a number of approximate t h e o r i e s  are a v a i l -  
a b l e .  The experimental  results a r e  i n  c l o s e s t  agreement wi th  the  ca l cu la -  
t i o n s  of Willis and F i t z j a r r a l d  which take i n t o  account t he  v a r i a t i o n  of 
t he  molecular d i s t r i b u t i o n  funct ion over t he  a r e a  of the  source ape r tu re  
but  t he  discrepancy between the measured and ca l cu la t ed  pe r tu rba t ions  of 
mass and momentum f l u x  from t h e i r  f r e e  molecule va lues  is s t i l l  about 80 
percent .  
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This  could probably be reduced by c o r r e c t i n g  the c a l c u l a t i o n s  t o  
the  appropr i a t e  P rand t l  number of 2/3 r a t h e r  than un i ty ;  however, t he re  s t i l l  
appears  t o  be a d e f i n i t e  disagreement between theory and experiment f o r  which 
the re  is no i m e d i a t e l y  obvious explanation. One p o s s i b i l i t y  is  t h a t  t he  
discrepancy is i n  some way assoc ia ted  wi th  the  use i n  the  c a l c u l a t i o n s  of 
t he  Krook model equat ion r a t h e r  than the  t r u e  Boltzmann equat ion,  bu t  t h i s  
has by no means been e s t ab l i shed .  
The d i f f u s e  r e f l e c t i o n  of helium and argon atoms from a platinum 
su r face  under the  condi t ions  of the present  experiment has been demonstrated 
i n  two ways: 
1 )  
su r f ace  from a molecular beam operated a t  s u f f i c i e n t l y  high source Knudsen 
numbers f o r  in te rmolecular  c o l l i s i o n s  t o  be neglec ted  (helium) o r  by extrapo-  
l a t i n g  experimental  r e s u l t s  t o  such cond i t ions  (argon);  
by making abso lu te  measurements of normal momentum t r a n s f e r  t o  the  
2)  by comparing the  momentum t r a n s f e r  t o  a platinum sur face  over a 
wide range of source condi t ions wi th  t h a t  t o  a momentum t r a p  s p e c i f i c a l l y  
designed t o  g ive  completely d i f fuse  r e f l e c t i o n .  
I n  each case  the  measured momentum t r a n s f e r  t o  the  platinum su r face  
agreed wi th  the  va lue  f o r  d i f fuse  r e f l e c t i o n  t o  wi th in  about 21.5 percent .  
Although t h i s  r e s u l t  is not  p a r t i c u l a r l y  su rp r i s ing ,  i t s  accu ra t e  
v e r i f i c a t i o n  i s  va luable ;  i n  p a r t i c u l a r ,  i t  j u s t i f i e s  one of the  most i m -  
p o r t a n t  assumptions made i n  in t e rp re t ing  the  e a r l i e r  measurements of normal 
momentum t r a n s f e r  t o  a heated sur face .  Although the  present  measurements 
were r e s t r i c t e d  t o  the  case  of a platinum su r face ,  the  f a c t  t h a t  S t i ckney ' s  
r e s u l t s  f o r  o t h e r  su r faces  such as tungsten and aluminum were very s i m i l a r  
t o  those f o r  platinum and gave almost i d e n t i c a l  va lues  of 
su r face  contamination p lays  a dominant r o l e  i n  a l l  these  measurements and 
t h a t  t he  phys ica l  na tu re  of the t e s t  su r f ace  is unimportant. I n  experiments 
U" suggests  that 
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performed under much c l eane r  vacuum cond i t ions  t h i s  may of course no longer 
be t rue .  
of modulated beams of helium and deuterium from c l e a n  platinum surfaces .  
If the necessary improvement i n  c l e a n l i n e s s  can be achieved i n  the present  
apparatus  i t  would be i n t e r e s t i n g  t o  see  i f  such a n  e f f e c t  could be detected 
by momentum t r a n s f e r  measurements. 
Datz and Moore' have observed s i g n i f i c a n t l y  specular  r e f l e c t i o n  
29. 
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APPENDIX 
Consider a we l l  col l imated molecular beam from a source a t  temperature 
T 
pera t u r e  Tw. 
on p. 16 i n  which a f r a c t i o n  a" of the inc iden t  molecules are assumed t o  
be completely accommoda ted t o  the  temperature 
r e f l e c t e d  i n  mult i -specular  fashion w i t h  no energy accommodation. 
impinging a t  normal incidence on a d i f f u s e l y  r e f l e c t i n g  su r face  a t  tern- 
We s h a l l  work i n  terms of the model i n t e r a c t i o n  descr ibed 
while the rest are T" 
The inc iden t  momentum and mass f l u x e s  are 
The normal momentum f l u x  c a r r i e d  away by molecules of the f i r s t  category 
i s  (from Eq. 4 . 4 )  
m 
(from A-2)  
That c a r r i e d  away by molecules of t he  second kind is from (4.7) 
(A-3)  
( 2 )  = (1 - a") x 7 2 r; = - 2 (1 - a") i, (1 + 9 , )  (A-4) Pr 3 
The t o t a l  fo rce  on the  sur face  is therefore  
. I n  the  s p e c i a l  case  where Tw = T denoted by s u b s c r i p t  o 
1 
(A-5) 
(A-6) 
4 3 .  
which may e a s i l y  be v e r i f i e d  t o  be y e t  another  way of w r i t i n g  Eqs. ( 4 . 8 )  and 
( 4 . 9 ) .  Hence 
given i n  Eq. ( 4 . 9 ) ,  w e  f i n a l l y  ob ta in  
PO 
Dividing by the express ion  f o r  
which i s  the  requi red  r e s u l t .  
